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Fig. 3.9 Force relationships of the i-th node
3.5 4???? ??????? ?????? 31
@g (ui+1)
@ui+1
= k
(ai   ui+1)2
n
3L2 + (ai   ui+1)2
o
n
L2 + (ai   ui+1)2
o2 (3.17)
???k > 0???? @g(ui+1)
@ui+1
 0?????? (3.16)? ui+1 ?????????????
???????????g (ui+1) = 0????? ui+1 ?  1 < ui+1 < 1????????
????????ui+1 ???????????????Fig. 3.9(a)?????? ui+1 < 0
?????????? i, (i + 1)?????????? (i + 1)????????????
??????????????? i, (i + 1)?????????????????????
???????????????????? i, (i + 1)????????????????
??????Fig. 3.9(b)?????? ui+1 > ai ?????????? i, (i+ 1)?????
????? (i + 1)?????????????????????????ui+1 < 0???
?????? i, (i + 1)??????????????????????????????
?????????? 1, 2???????????????????Fig. 3.9(c), (d)??
?????????????ui+1 = 0????Fig. 3.9(c)???????? i, (i + 1)??
???????? (i+ 1)? z???? k a3iL2+a2i ????????????????? (i+ 1)
??????????????? (i + 1)??????????????? 1?????
?????????????ui+1 = ai ????Fig. 3.9(c)???????? i, (i + 1)??
?????????????????? (i + 1)???????????????? (i + 1)
????????????????? (i + 1), (i + 2)??????? 0????????
??????????? ui+1 = 0??? ui+1 = ai ?????????????0 < k < 1
????? ui+1 ???????? 0 < ui+1 < ai ??????????????????
??????? i ?????? ai ????, i = 2 ???? a1 ?????????
0 < a2 < a1 ?????? a2 ???????i  2???? i???? ai 1 ??? ai ??
??????? 0 < ai+1 < ai ?????? ai+1 ??????????????????
?????? a1 ???????????? i???? 0 < ai+1 < ai ?????? ai+1 ?
?????????????Fig. 1.3???????????????????????
????????????????????????????????????????
??????????????????????? kh ???????? kv ??????
????????????????????????Fig. 1.3????????????
???????????
3.5.2 kh, kv ??????? fc–uc ???? 1????????
kh(0  kh  1) ??? kv(0  kv  1) ? 2 ???????????????????
?????? fc–uc ???????????????????????? fc–uc ???? 1
32 ? 3? ????????????
kv
kh khfcuc
kv
kh kh
fcuc
(a) uc ' 0 (b) uc is large
Fig. 3.10 Simple model
fc
kh
kv
uc0
kv
kh
(a) (b)
Fig. 3.11 Relationship between applied force and deformation
?? ( fc > 0, uc > 0)?????????????–?????????????????
???
(a)??????? (uc ' 0)
Fig. 3.10(a) ???? kh ? 2 ??kv ? 1 ????????????????????
???????????????????????????????????????
????Fig. 3.11(a) ???? kv ????????????????????????
fc ' kvuc ?????????????? kv ? 0  kv  1??????uc ??????
?? 0  fc  1????????????? 0  uc  umax ???? fc ? 0  f  1?
??????
3.5 4???? ??????? ?????? 33
kv cv
kh
ch
kh
ch fkh
ch
kv cv
kh
ch
fkh
ch
kv cv
kh
ch
fkh
ch
kv cv
kh
ch
f
uc(0)
Time
t = 0 t = 1
(a) The loading phase (phase of applying force)
kh
ch
kv cv
kh
ch
kv cv
kh
ch ch
kh
kv cv
kh
ch
kh
ch
kh
ch
kv cv
kh
ch
uc(0)
Time
t = 0 t = 1
(b) The unloading phase (phase of shutting down force)
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Fig. 3.15 Nonlinearity of the proposed model under quasi-static condition
Table 3.1 Model conditions
# of layers Vertical distance of node [mm] kh [N/m] kv [N/m]
1 20 160 20
2 10 80 40
4 5 40 80
8 2.5 20 160
16 1.25 10 320
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??????????? f = 0:0018, 0:018[N]??????????????? 0.5%??
? 5%?????????????? f = 0:18[N]?????????????? 20%?
?????????????????????? f = 0:0018, 0:018[N]????????
???????????????????? f = 0:18[N]??????????????
??????????Fig. 3.16(a)?? (e)?????????????????????
??????????????????????????????????Table 3.2 ?
? Table 3.4? 3??????????????? x = 0, 5, 10, 15[mm]???????
????????????Table 3.2??? f = 0:0018[N]??????????????
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f = 0:0018 f = 0:018 f = 0:18
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(b) # of layers: 2
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(c) # of layers: 4
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(d) # of layers: 8
−20 −15 −10 −5 0 5 10 15 2020
15
10
5
0
x [mm]
z 
[m
m]
−20 −15 −10 −5 0 5 10 15 2020
15
10
5
0
x [mm]
z 
[m
m]
−20 −15 −10 −5 0 5 10 15 2020
15
10
5
0
x [mm]
z 
[m
m]
(e) # of layers: 16
Fig. 3.16 Deformation for various number of layers
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Table 3.2 Simulation results under f = 0:0018[N]
u [mm]
# of layers x = 0 x = 5[mm] x = 10[mm] x = 15[mm]
1 8.9510 2 2.2810 4 0.0 0.0
2 8.9810 2 1.2210 4 0.0 0.0
4 8.9810 2 8.0010 5 0.0 0.0
8 8.9910 2 6.2010 5 0.0 0.0
16 8.9910 2 5.3910 5 0.0 0.0
Table 3.3 Simulation results under f = 0:018[N]
u [mm]
# of layers x = 0 x = 5[mm] x = 10[mm] x = 15[mm]
1 0.730 8.4610 2 1.9210 4 0.0
2 0.778 6.1110 2 3.9210 5 0.0
4 0.806 4.6810 2 1.2310 5 0.0
8 0.822 3.9210 2 6.1410 6 0.0
16 0.829 3.5410 2 4.1910 6 0.0
Table 3.4 Simulation results under f = 0:18[N]
u [mm]
# of layers x = 0 x = 5[mm] x = 10[mm] x = 15[mm]
1 3.97 1.87 0.589 4.9610 2
2 4.42 1.84 0.433 1.2710 2
4 4.80 1.77 0.324 4.0110 3
8 5.07 1.70 0.265 1.9110 3
16 5.24 1.64 0.235 1.2510 3
????????????????? 0.5%???????x = 5[mm]????????
?? 4.2???????????Table 3.3??? Table 3.4???f = 0:018, 0:18[N]??
?????????????????? f = 0:0018[N]???????????????
?? 12%?24%??????????????????? (x = 0)??????????
???????????????????????????? (x = 5; 10; 15[mm])???
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Fig. 3.17 Response for the step input
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????????????????????????????????????????
????????????????????????????????????????
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3.8 ???????
???????????????????????????????????Fig. 3.17
????? N = 7, (ch; cv) = (2; 0:5)[Ns/m], (kh; kv) = (200; 20)[N/m]??????????
????? f = 0:18[N]?????????????????????????????
?????????????????? Fig. 3.1??????? ??????????
????????????????????????????????????? ??
????????????????????????????????????????
???????????????? ???????????????????????
????????????????Fig. 3.17????????????????????
???????? 6 ??????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
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Fig. 3.18 Dynamic characteristics with dierent number of force applying nodes
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(b) Result for r = 30[mm]
Fig. 3.19 Results of finite element analysis for human skin
????? 0.48??????????????????????????86)?????
???????????????????????????????? 1.69 105 [Pa], 8.0
104 [Pa], 3.4 104 [Pa]?????????????????????????????
??????????????????????? COMSOL Multiphysics??????
????????????????????????????????????????
Fig. 3.19????????????????????????????????? ([Pa])
????Fig. 3.19(a), (b)?????????????? 2020 (?? ??) [mm]??
? 2030[mm]?????????????????????????????????
??????????????????????????? 0.48???????????
????????????????????????????????????????
????????????????????????????????????????
? Table 3.5??????????????????????????????????
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(c)  = 0:4999
Fig. 3.20 Results of finite element analysis for various Poisson’s ratio
?? (b)??????????? 800, 1200????????????????????
????????????????????????????????????????
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Table 3.5 FE analysis conditions
Model (a) Model (b)
# of elements 800 1200
Type of element Quadrilateral element
Type of interpolation Second order Lagrange interpolation
???????????Fig. 3.19(b)???????2030[mm]???????????
?????????????????????? 0.5????????????????
????????????????????????????????????????
???????????????????????????????????????
???????????????????????Fig. 3.19(b)?????? 2030[mm]
???????????????????????????????Fig. 3.20(a), (b), (c)
? 2030[mm]?????????????? 0.49, 0.499, 0.4999??????????
???????????????????????????rs = 10.0[mm]??????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
30[mm]???????????????????????????????????
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??????–??????????????????????????????????
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30[mm]????????????????????????????????????
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4.1 ??
????????????????????????? 3?????????????
?????? 4????????????????????????????3????
????????????????????????????????????????
????????????????????????????????????????
?????????????
4.2 ????
???????????????????????????
given : f (x; y; z; t)jz=0 and u(x; y; z; t)jz=0
find : kh; ch; kv; and cv
???????????????????????????? f (x; y; z; t)jz=0 ?????
??????????? u(x; y; z; t)jz=0 ??????????? ??????? ???
?? (kh; ch; kv; cv)? 4???????????????????
4.3 ???
??????????????????? (3.1)???????????? a????
?????? fa 2 <31 ????????????????????
NX
i=1
X
j2S i
(C(a)i j u˙i + K(a)i j ui) = fa (4.1)
46 ? 4? ?????????????
????C(a)i j 2 <33?K(a)i j 2 <33 ????? fa ????????? i, j ????
??????????????????????????????????????
ui , [uix; uiy; uiz]t 2 <31 ??? u˙i , [u˙ix; u˙iy; u˙iz]t 2 <31 ?? i?????? x, y, z??
?????????????????N ??? S i ????????????? i???
???????????????? (3.3)?? (3.4)????????
NX
i=1
X
j2S i
(ci jT(a)i j u˙i + ki jT(a)i j ui) = fa (4.2)
?????????????? (kh; ch; kv; cv)? 4??????????????????
????????????????
cv
NX
i=1
X
f(i; j)j j2S i T ci j=cvgT
(a)
i j u˙ j + ch
NX
i=1
X
f(i; j)j j2S i T ci j=chgT
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i j u˙ j +
kv
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i=1
X
f(i; j)j j2S i T ci j=kvgT
(a)
i j u j + kh
NX
i=1
X
f(i; j)j j2S i T ci j=khgT
(a)
i j u j = fa (4.3)
???????????????
P(a)c + Q(a) k = fa (4.4)
????
P(a) ,
0BBBBBBB@ NX
i=1
X
f(i; j)j j2S i T ci j=cvgT
(a)
i j u˙ j ;
NX
i=1
X
f(i; j)j j2S i T ci j=chgT
(a)
i j u˙ j
1CCCCCCCA 2 <32 (4.5)
Q(a) ,
0BBBBBBB@ NX
i=1
X
f(i; j)j j2S i T ki j=kvgT
(a)
i j u j ;
NX
i=1
X
f(i; j)j j2S i T ki j=khgT
(a)
i j u j
1CCCCCCCA 2 <32 (4.6)
??????????????? (4.4)????????????
P(u; u˙)c + Q(u)k = f (4.7)
????P(u; u˙) 2 <3N2???Q(u) 2 <3N2??????????? c , [cv; ch]t 2 <21
?????????????? k , [kv; kh]t 2 <21 ???????????????
???
P(u; u˙) ,
0BBBBBBBBBBBBBBB@
P(1)
P(2)
:::
P(N)
1CCCCCCCCCCCCCCCA 2 <3N2 (4.8)
P(u) ,
0BBBBBBBBBBBBBBB@
Q(1)
Q(2)
:::
Q(N)
1CCCCCCCCCCCCCCCA 2 <3N2 (4.9)
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????P(u; u˙), Q(u)???????????? u , [ut1;ut2; : : : ;utN]t 2 <3N1 ????
??? u˙ , [u˙t1; u˙t2; : : : ; u˙tN]t 2 <3N1 ???????????????????????
?????????????????????????? (3.1)???? u? f ????
????????????????? u(x; y; z; t)jz=0 ???? f (x; y; z; t)jz=0 ??????
????????????????? (4.7)???? u, u˙, f ?????????? (4.7)
????? ch, cv, kh, kv ? 4???????? (4.7)????? ch, cv, kh, kv ??????
?????????????t = ft1; t2; : : : ; tmg???????????????????
??????
c +k = F (4.10)
????
 ,
0BBBBBBBBBBBBBBB@
P(u(t1); u˙(t1))
P(u(t2); u˙(t2))
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 ,
0BBBBBBBBBBBBBBB@
Q(u(t1))
Q(u(t2))
:::
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1CCCCCCCCCCCCCCCA 2 <3Nm2
F ,
0BBBBBBBBBBBBBBB@
f (t1)
f (t2)
:::
f (tm)
1CCCCCCCCCCCCCCCA 2 <3Nm1
? (4.10)??
A  = F (4.11)
????
A ,

 

2 <3Nm4
 ,

ct; kt
t 2 <41
? (4.11)??? (4.12)????
ˆ = A#F (4.12)
????A# ?A??????????? (4.12)?? 4??????? ˆ , [cˆv; cˆh; ˆkh; ˆkv]t
???????????????
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Fig. 4.1 An example of model
???????? (tm = 1)????????????u˙(1)?????????? (4.7)
? kh, kv ? 2?????????????????
Q(u(1))k = f (1) (4.13)
? (4.13)?????????
ˆk = Q(u(1))# f (1) (4.14)
? (4.14) ?? ˆk , [ˆkv; ˆkh]t ?????????????? ˆk ?? (4.10) ??????
(4.15)?????????
c = F   ˆk (4.15)
???????????????? (4.15)??? (4.16)????
cˆ = #(F   ˆk) (4.16)
????# ? ??????????? (4.16)????????? cˆ , [cˆv; cˆh]t ???
???????????????????????????????????????
??????????????????????????
???
????Fig. 4.1???????????????????????????????
??????? (3.10)??????????????????????????? 2, 4, 5
????????????????????????????????????????
? 0?????????? 1, 3??????????
C1112u˙1 + C1113u˙1 + C1213u˙3 + K1112u1 + K1113u1 + K1213u3 = f1 (4.17)
C2113u˙1 + C2213u˙3 + C1134u˙3 + C1135u˙3 + K2113 u˙1 + K2213 u˙3 + K1134 u˙3 + K1135 u˙3 = f3 (4.18)
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Fig. 4.2 Deformation responce with respect to time
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Fig. 4.3 Simulation model
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Fig. 4.4 Force input
Table 4.1 Geometric conditions of model
N # of kh L [mm]
1 2 20
3 4 10
7 8 5
Table 4.2 Model parameters per number of kh
No. kh [N/m] kv [N/m] ch [Ns/m] cv [Ns/m]
1 20 160 0.2 1.6
2 20 160 0.2 16
3 20 160 2 1.6
4 20 160 2 16
????????????????????????????????????????
????????????????????????????????????????
???????????????
 (A) = kA 1k  kAk (4.23)
???  (A)?? (4.11)??? A???????????????????? (4.11)?
????????????????????????????????????????
??? (4.11)??????????????????????????????????
???????????????????????????????????
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Fig. 4.5 Deformation of the proposed model
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(a) Model parameter No. 1
0 100 200 300 400 500 600 700 8000
0.5
1
1.5
2
2.5
3
3.5
4
Time [ms]
D
isp
la
ce
m
en
t [
mm
]
(b) Model parameter No. 2
0 100 200 300 400 500 600 700 8000
0.5
1
1.5
2
2.5
3
3.5
4
Time [ms]
D
isp
la
ce
m
en
t [
mm
]
(c) Model parameter No. 3
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(d) Model parameter No. 4
Fig. 4.6 Responses for rectangular force input
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# "
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u2
L2 + u2
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 (A)??????????????
 N = 3; 7???? kh, kv ? 1%????????????
4.6 ???
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??? (kh; ch; kv; cv)???????????????????????????????
????????????????????????????????????????
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(a) Model parameter No. 1
0 100 200 300 400 500 600 700 8000
20
40
60
80
100
120
Number of samplings
k h
,
 
k v
[N
/m
]
0 100 200 300 400 500 600 700 8000
20
40
60
80
100
Number of samplings
k h
,
 
k v
[N
/m
]
0 100 200 300 400 500 600 700 8000
50
100
150
200
Number of samplings
k h
,
 
k v
[N
/m
]
(b) Model parameter No. 2
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(c) Model parameter No. 3
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(d) Model parameter No. 4
Fig. 4.7 Estimated parameters for kh and kv with respect to the number of samplings
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(a) Model parameter No. 1
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(b) Model parameter No. 2
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(c) Model parameter No. 3
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(d) Model parameter No. 4
Fig. 4.8 Estimated parameters for ch and cv with respect to the number of samplings
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(a) Model parameter No. 1
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(b) Model parameter No. 2
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(c) Model parameter No. 3
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(d) Model parameter No. 4
Fig. 4.9 Condition number  (A) with respect to the number of samplings
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Table 4.3 Error rate of estimated parameters
Error rate [%]
No. kh kv ch cv
N
=
1
1 3.81 0.0468 4.73 4.94
2 0.0160 0.000331 6.91 0.499
3 38.2 0.469 8.35 4.84
4 0.178 0.00363 0.130 0.499
N
=
3
1 0.0141 5.2210 6 8.93 4.92
2 0.0117 7.0710 5 14.3 0.499
3 0.0665 9.5710 5 0.270 4.92
4 0.113 0.000120 0.834 0.499
N
=
7
1 0.0182 0.00436 19.8 4.92
2 0.00925 0.000172 13.5 0.499
3 0.0122 0.0457 6.14 5.06
4 0.0995 0.000465 1.45 0.499
Table 4.4 Rank of matrix A
m N = 1 N = 3 N = 7
1 1 2 2
2 2 4 4
3 3 4 4
4 4 4 4

61
? 5?
???????????????
5.1 ??
???????????????????????????????????????
????????????????????????????????????????
??????2???? kv, kh ??????????????????????????
?????????????????????????????? 2?????????
????????????????????????????????????????
??????????????????
5.2 ????
???????????????????????????????????????
??????????????????????
given : f (x; y; z; t)j(x;y;z;t)=(0;0;0;1) and u(x; y; z; t)j(x;y;z;t)=(0;0;0;1)
find : kh and kv
????????????????????? f (x; y; z; t)j(x;y;z;t)=(0;0;0;1) ????????
u(x; y; z; t)j(x;y;z;t)=(0;0;0;1) ?????????????????????????????
? kh, kv ? 2???????????????????
5.3 ???
x, y, z?????????? N ?????????????????????????
??????????????????? ????????? k , [kv; kh]t 2 <21 ??
62 ? 5? ???????????????
??????????????????
G , K(u; k)u   f (5.1)
????G 2 <3N1 ??? K(u; k) 2 <3N3N ???????? x, y, z ??????
???????????? k ?????????????????????????
?? f , [ f t1; f t2; : : : ; f tN]t 2 <3N1, u , [ut1;ut2; : : : ;utN]t 2 <3N1 ?????????
??????????????????????? fi , [ fix; fiy; fiz]t 2 <31 ???
ui , [uix; uiy; uiz]t 2 <31 ?????? i????????? x, y, z??????????
??????????????? G???????????????????????
?????????????????????? G = 0???????K? u?????
???????????????? K ? u??????????????? kh ? kv ?
?–??????????????? (5.1)??? u???????????
?????????????????????? fc , [ f (1)c ; f (2)c ; : : : ; f (M)c ]t 2 <M1 ?
????????? uc , [u(1)c ; u(2)c ; : : : ; u(M)c ]t 2 <M1 ?????????? (5.1)???
????
G ,
0BBBBBBBBBBBBBBBBB@
G(k; [u(1)s ; u(1)c ]; f (1)c )
G(k; [u(2)s ; u(2)c ]; f (2)c )
:::
G(k; [u(M)s ; u(M)c ]; f (M)c )
1CCCCCCCCCCCCCCCCCA 2 <
3MN1 (5.2)
????M ??? us = [u(1)ts ;u(2)ts ; : : : ;u(M)ts ]t 2 <M(3N 1)1 ?????????????
?????????????? uc ????????????????????????
us ????????????????????????
minimize kGk (5.3)
subject to etzu  0 (5.4)
etzui  etzu j (ri  r j) (5.5)
kv; kh  0 (5.6)
???ez ??? ri ??????z?????????????????????????
???????????????????? (5.3)? kGk = 0????????????
?????????????? (5.4)?????? z????????????????
???????????????????????????????? (5.5)?????
????????????????????????????????????????
????? (5.6)??????????????????
? (5.2)???????????  = [kt;uts]t 2 <fM(3N 1)+2g1 ???????????
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kv
kh
kv
kh
uc
(2) fc(2)
us
(2)
fbfbz
Fig. 5.1 An example of model
???????????Levenberg-Marquardt?????? ???????108)?
l+1 = l  

J t J + diag

J t J
 1 J tG (l) (5.7)
??? J , JG 2 <3MNfM(3N 1)+2g ???  ????? G ?  ??????????
Marquardt ???????????????????????????????108)??
????????????????? rank(JG)  2??????????????JG ?
???????????? M  2????????????????????????
??? 2??????????????????? (5.7)?????????l ????
???????????????????????????? ˆk = [ˆkh; ˆkv]t 2 <21 ???
uˆs = [uˆ(1)ts ; uˆ(2)ts ; : : : ; uˆ(M)ts ] 2 <M(3N 1)1 ?????????????????? (5.7) ?
??? (5.4)(5.6)???????????????????????????????
???????????????????????????
??? 0 ???????? 5?????????????????????
5.4 ?????????? z??????????????
????
Fig. 5.1???????????????????????????????????
??????????????????????? z ???????????????
??????????? u(1)c ?????? f (1)c ?????????? kv ???????
??? u(2)c ?????? f (2)c ???????? kh ???? 2??????????
????????????????????????????
f (1)c = kvu(1)c + gh

kh; u(1)c

(5.8)
??????????gh

kh; u(1)c

???????? kh ???????????????
?? gh

kh; u(1)c

????????????? u(1)c ?????????????????
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?? u(1)s ' 0?????????kv ?????? (5.9)???????????
kv ' f
(1)
c
u
(1)
c
(5.9)
??????? f (2)c ??????????????? u(2)c ??????????????
??????????????????????????
f (2)c = kvu(2)c + kh

u
(2)
c   u(2)s
3
L2 +

u
(2)
c   u(2)s
2 (5.10)
kh

u
(2)
c   u(2)s
3
L2 +

u
(2)
c   u(2)s
2 = kvu(2)s + kh

u
(2)
s
3
L2 +

u
(2)
s
2 (5.11)
????L????????????????????????????? (5.10)???
kh =
f (2)c   kvu(2)c( 
u
(2)
c  u(2)s
3
L2+

u
(2)
c  u(2)s
2
) (5.12)
? (5.10)?? (5.11)???? (5.12)????? kh ???????
kvu(2)c + kvu(2)s +
f (2)c   kvu(2)c( 
u
(2)
c  u(2)s
3
L2+

u
(2)
c  u(2)s
2
)

u
(2)
s
3
L2 +

u
(2)
s
2   f (2)c = 0 (5.13)
kv, u(2)c , f (2)c , L?????????? (5.13)???????? u(2)s ??????????
???????????????????????????? (5.13)???? u(2)s ???
???????????????????????????? (5.13)?? 1??? 2??
? 3??? 4?????????????Fig. 5.1???????? kv ????????
??? kv ??????????????????? z????? fbz?????????
???????????????????? 1 ? kvu(2)c ?? 4 ? f (2)c ????????
??? 2 ? kvu(2)s ? u(2)s ????????????????? 3 ??????????
???? z????? fbz ????????????u(2)s = 0?? fbz = 0????? u(2)s
??????????? kh ??????? fbz ? u(2)s ????????????????
??? (5.13)???? g

u
(2)
s

????? (5.14)??????
dg

u
(2)
s

u
(2)
s
> 0 (5.14)
????u(2)s ???????? 0  u(2)s  u
(2)
c
2 ????????????????????
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g(us(2))
us
(2)0
uc
(2)
2
Solution
Fig. 5.2 Relationship between g(u(2)c ) and u(2)c
??? g

u
(2)
s

?????????????u(2)s = 0????
g(0) = kvu(2)c + kv (0) +
f (2)c   kvu(2)c" n
u
(2)
c  (0)
o3
L2+
n
u
(2)
c  (0)
o2
# (0)3
L2 + (0)2   f
(2)
c
= kvu(2)c   f (2)c  0 (5.15)
??? f (2)c ???????? kh ???????????????? kh ? 2??????
??????g(0)  0???????u(2)s = u
(2)
c
2 ????
g
0BBBB@u(2)c2
1CCCCA = kvu(2)c + kv u(2)c2   f (2)c   kvu(2)c26666666664
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u
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  f
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u
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L2 +

u
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c
2
2   f (2)c
=
1
2
kvu(2)c > 0 (5.16)
kv, u(2)c ?????????g

u
(2)
s
2

> 0????
??????Fig. 5.2 ???????????????????g

u
(2)
s

= 0 ???
0  u(2)s  u
(2)
c
2 ??????????????????kh ?? (5.12) ?????????
??????????????? z?????????????????????????
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Table 5.1 Simulation conditions
N # of kh L[mm] kh[N/m] kv[N/m]
1 2 20 320 160
3 4 10 640 80
5 6 6.67(= 40=6) 960 53.3(= 320=6)
khkh = 0 fc
kh
kv = 0
fc
uc
(a) Condition 1: kh = 0 (b) Condition 2: kv = 0
Fig. 5.3 Initial condition
5.5 ?????????????? 0 ???
? (5.7) ???????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
???????????????????????????????????????
?????????????? z ??????????????? 2 ???????
???Table 5.1 ????????????????????????????????
N = 1; 3; 5???????????????? x = 20[mm]????????????
????? N = 1; 3; 5???????? L = 20; 10; 6:67(= 40=6)[mm]????????
? ?????????? kh ???????(kh; kv) = (160; 320)[N/m]????????
?????????
Lebenverg-Marquardt?????????????????????????????
???????????????????????????????????????
?????????3.5.1??????? (5.4)(5.6)????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????????109)??????????? 3?????????????
????????????
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Fig. 5.4 Deformation of the proposed model
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Fig. 5.5 Relationship between applied force and deformation
??? 1: 0 ??????? 1?????
0 = [1; 1; : : : ; 1]t
??? 2: Fig. 5.3(a)?????? kh = 0???????
0 = [0; k0v; 0; : : : ; 0]t
k0v =
fc
uc
??????????? 0?????????????????????????
?????? 0????
??? 3: Fig. 5.3(b)?????? kv = 0???????
0 = [k0h; 0; u0i ; : : : ; u0N]t
k0h =
fc

u2c +

L N2
2
u3c
????u0i ??????????????????Fig. 5.3(b)?????????
?????????????????????
?????????????????????????????Fig. 5.4? N = 5??
???????????????????????????????????Fig. 5.5?
?????????????????????-??????????????????
?????-??????????? 2 ??????????????????????
?????????????????????? Table 5.2?????????????
???????????????????????? 12??????????????
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Table 5.2 Combinations of the applied force for solving the inverse problem
No. Combinations of the applied force [N] Graph legends
1 [0.001, 0.002] ?
2 [0.010, 0.011] ?
3 [0.010, 0.020] ?
4 [0.100, 0.101] ?
5 [0.100, 0.110] ?
6 [0.100, 0.200] ?
7 [1.000, 1.001] ?
8 [1.000, 1.010] ?
9 [1.000, 1.100] ?
10 [1.000, 2.000] ?
11 [0.500, 1.000, 1.500, 2.000] ?
12 [0.250, 0.500, 0.750, 1.000, 1.250, 1.500, 1.750, 2.000] ?
Table 5.3 Convergence results under N = 1
Condition 1 2 3
Success 12 12 11
Dierent value 0 0 0
Not converge 0 0 1
??????????No. 1? No. 2??????? Fig. 5.4(a)???????????
???????No. 10 ??????? Fig. 5.4(c), (d) ???????????????
?????3 ???????????????????????????No. 11 ???
No. 12????????N = 1; 3; 5??????????3??????? 12????
??????????????????????????
N = 1???
Table 5.3??100?????????????Table 5.1?????????????
????????????????????????????????????????
?????????? 3, ????????? No. 1????????????????
????????????????????????????????????????
????????????????????Fig. 5.6????????????????
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Fig. 5.6
Relationship between number of iterations to convergence and initial condition
under N = 1
???????? 1:0  10 5 ???????????????????????????
x????????????????????? 3?????????????????
????????????????????????????????????? Table
5.2??????????????????? 6??? 23?????????????
???????Fig. 5.6?????????N = 1?????????????????
????????????????????????????????????????
?????????????????????????????????
Fig. 5.7(a), (b), (c)???? 1, 2, 3????? kh, kv ???????????????
??????????? 1:0  10 5 ????????????Fig. 5.7(a)???????
????? 1????kh ? 1???????????????????????????
?????????????????????????????Fig. 5.7(b), (c)????
?????? 2, 3????????????????????????????????
???????????????????????? 1???? 2, 3?????????
??????????????????????
N = 3???
Table 5.4 ??100 ????????????????N = 1 ???????????
????? 1 ?????????????????????????????????
??N = 1 ????????????????????????N = 3 ????? 2 ?
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(a) Condition 1, Conbination No. 9
0 20 40 60 80 1000
100
200
300
400
500
600
Iteration
k v
,
 
k h
 
[N
/m
]
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(c) Condition 1, Conbination No. 10
Fig. 5.7 Parameter convergence with respect to iteration under N = 1
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(a-1) Condition 1, Conbination No. 1 (a-2) Condition 1, Conbination No. 12
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(b-1) Condition 2, Conbination No. 2 (b-2) Condition 2, Conbination No. 8
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(c-1) Condition 3, Conbination No. 10 (c-2) Condition 3, Conbination No. 7
Fig. 5.8 Parameter convergence with respect to iteration under N = 3
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Table 5.4 Convergence results under N = 3
Condition 1 2 3
Success 0 9 10
Dierent value 4 0 0
Not converge 8 3 2
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Fig. 5.9
Relationship between number of iterations to convergence and initial condition
under N = 3
?????????????????????????????????? 2, 3 ???
????? N = 1 ???????????????????????????????
???????????????Fig. 5.8?????????????????????
???Fig. 5.8(a-1)??? (a-2)???? 1????????????????????
????????????????????????????????????????
????Fig. 5.8(b-1)??? (c-1)???? 2, 3??????????????????
? (b-2) ??? (c-2)??????????????????????????????
1 ??????????Fig. 5.8(a-1) ?? kh, kv ????? 0 ????????????
????????????(kh; kv) = ( 1:13  10 3; 2:25  10 3)[N/m] ????????
??????????????????????????????????????Fig.
5.8(a-2)????????????????????????????????????
???????????? kh ????????kv ??????? 0?????????
????????????????????????????????????????
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Table 5.5 Convergence results under N = 5
Condition 1 2 3
Success 0 9 8
Dierent value 9 0 0
Not converge 3 3 4
?????? 1 ??????????????????????????????? 2,
3???????????????????????Fig. 5.8(a-2)??? (b-2)?????
????????????????? Fig. 5.8(a-1)??? (b-1)????? x?????
????????????????????????????????????????
??????100?????????????????Fig. 5.8(a-2)??? (b-2)????
? 220??2296?????????????????????
Fig. 5.9???????????????????????????????????
??????????????????????????????????????? 1
????????????????????????????????????????
?????? 2, 3????????????????????????????????
??? 11.6??16.4???????? 2??? 5??????????????????
????????????????????????????????????????
??? 2, 3???????????????????
N = 5???
Table 5.5???????100????????????? 1????????????
???????????? 2, 3???????? N = 3??????????????
????????????????????????????????????????
?????????????????????? Fig. 5.10(b-2) ??? (c-2) ?????
???????????????????????????????N = 3??????
????????????????????????????????????????
?????????????????Fig. 5.11????????? 2, 3???????
????????????????????? 2??????????????????
??????????N = 3??????????? 2, 3??????????? N = 5
?????????????????????
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Fig. 5.10 Parameter convergence with respect to iteration under N = 5
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Fig. 5.11
Relationship between number of iterations to convergence and initial condition
under N = 5
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????ki j ??? S k ??? i, j?????????????????????????
?????????????Fig. 5.12(a), (b), (c) ???? N = 1; 2; 3 ????????
????????????????????????????????????????
?????x??? y??????????????????????????????
?????????????????? Table 5.2?????????????????
????????????????????????????????????????
????????????????????????? 1 ??????Fig. 5.12(a), (b),
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(c) N = 5
Fig. 5.12
Relationship between number of iterations to convergence and initial potential en-
ergy
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6.1 ??
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????? 4????? 5????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???
6.2 ?????????????????
???????????????????????????????????????
????????????????????????????????????????
??????????????????????????????????? N = 3  3?
??????????? L = 10[mm]????? 0.18[N]??????????????
???Table 6.1 ?? (4.12) ??????????????????Fig. 6.1 ? 2 ???
????????????????????????????????????????
????????????????????????????????????????
???????????????????????????????????????
???
????????????????????????????? Table 6.2??????
??????? A????????? B?????????????????????
????????????????????????????????????????
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Fig. 6.1 Dynamic responses of the deformation of human skin
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Table 6.1 Estimated parameters
Subject A Subject B
kh[N/m] 688 107
kv[N/m] 38.7 24.6
ch[Ns/m] 0.428 0.254
cv[Ns/m] 0.0155 0.00793
Table 6.2 Displacement at the point of force application
Subject A Subject B
uc[mm] 1.89 3.35
Table 6.3 Time constant
Subject A Subject B
h[ms] 0.622 2.37
v[ms] 0.401 0.322
???????????????????????? B??????? A??????
? 6.4??1.6????????????? A??????? B???????????
??????????????????????????????
??? 2????????????
h =
ch
kh
(6.1)
v =
cv
kv
(6.2)
????h ??? v ??????????????????? ??????????
???Table 6.3? 2??????????????????????????? A??
?? B ????????? h ???? A ?????? B ?? 1.75[ms] ????v ?
??? A?????? B??? 0.079[ms]?????????????????? Fig.
6.1(a-12)?(b-12) ???????? A ????????????????????? B
????????????????????????? A????????? B???
??????????????????????????? A???????????
???????????????
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Fig. 6.3 Relationship between applied force and deformation
6.3 ???????????????????
? 2?????????????????????????????????????
????? (?)?????????????? LK-080???????????????
???????????????????????????? 2???????????
????????????????????????????????????????
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Fig. 6.4 Deformation comparison between the measured data and the model
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?????????????8???????????? 1?????????????
??Fig. 6.3? Fig. 6.2??????????–??????????????–????
?????????????????????????????? N = 3  3?????
(5.7)???? (ˆkh; ˆkv) = (368; 144)[N/m]????Fig. 6.3??????????????
????????????????–????????Fig. 6.3????????–???
??????????????–????????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
?????????Fig. 6.4??? 0.32, 0.38, 0.44, 0.52[N]?????????????
??????????????Fig. 6.4?????????????? (x; y) = (10; 0)[mm]
????????????????????????????????????????
???????????????????????????????????????
????????????????????????????????????????
?????????????? 3  3???????????????????????
??? 1????????????????????????????????????
????????? 2??????????????????????????????
????????????????????????????????????????
????????
?????????????????????? ??????????????Fig.
6.5? ??? k????????????Fig. 6.6(a)?????? kh = 0??????
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khkh = 0 fc
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(a) Condition 1: kh = 0 (b) Condition 2: kv = 0
Fig. 6.6 Initial condition
????? 6??????????Fig. 6.6(b)?????? kv = 0?????????
?? 12????????????????????????????????????
?????????????????????????????
?????????????? 5??? 6??????????2??????????
Table 6.4 ?????????????? 3  3, 5  5 ???????????????
??????????????????????????????????????Fig.
6.7? Table 6.4?????????????????????????????????
????????????????????????????????????????
???3  3??????????????????????????????????
?????????????????? 7%????????Fig. 6.7(a)?(b)?????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????5 5????2?????????
?????????????? 60%???????????????????????
3  3????????????????2????????????????????
?????????????????????????????????????3  3
??????????????? N = 5?????5  5????? N = 16?????
???5  5??????????????????????????????????
????????????????????????????????????????
?????????????
???????????????????????????????????????
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??????????????????????????
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Deformation comparison between point and surface deformation method with dif-
ferent number of nodes of the model
Table 6.4 Estimated parameters (kh, kv)[N/m]
Point-type Surface-type
3  3 ( 368, 144 ) ( 393, 140 )
5  5 (178, 142) (448, 86.5)
6.4 ???
?????????????? 2?????? 4??? 5?????????????
????????????????????????????????????????
??????–?????????????????????????? 5  5?????
????????????????????????????????????? 33
????????????????????????????????????????
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Fig. 7.1 Deformation model
Forceps
Endoscope Point-type stiffness sensor
Fig. 7.2 Point-type stiness sensing for minimally invasive surgery
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